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Abstract
Background—Preterm newborns exposed to intrauterine inflammation are at increased risk of 
neurodevelopmental disorders. We hypothesized that adverse outcomes are more strongly 
associated with a combination of antenatal and postnatal inflammation than with either of them 
alone.
Methods—We defined antenatal inflammation as histologic inflammation in the placenta. We 
measured the concentrations of seven inflammation-related proteins in blood obtained on postnatal 
days 1, 7, and 14 from 763 infants born before 28 weeks of gestation. We defined postnatal 
inflammation as a protein concentration in the highest quartile on at least 2 days. We used logistic 
regression models to evaluate the contribution of antenatal and postnatal inflammation to the risk 
of neurodevelopmental disorders.
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Results—The risk of white matter damage was increased when placental inflammation was 
followed by sustained elevation of CRP or ICAM-1. We found the same for spastic cerebral palsy 
when placental inflammation was followed by elevation of TNF-α or IL-8. The presence of both 
placental inflammation and elevated levels of IL-6, TNF-α, or ICAM-1 was associated with an 
increased risk for microcephaly.
Conclusion—Compared to a single hit, two inflammatory hits are associated with stronger risk 
for abnormal cranial ultrasound, spastic cerebral palsy, and microcephaly at 2 years.
Introduction
Extremely preterm born infants are at increased risk of a wide spectrum of 
neurodevelopmental impairment ranging from cognitive limitation and behavioral disorders 
to cerebral palsy (1, 2). The most common underlying pathology is cerebral white matter 
damage (3). The mechanisms leading to this white matter damage are complex and a 
combination of developmental, cellular, and immunologic factors appear to be involved 
(4-6).
Inflammation as demonstrated by microglial activation and elevated levels of inflammatory 
mediators causes white matter damage during a developmentally vulnerable period (5). 
Various antenatal and postnatal stimuli can trigger perinatal inflammation. Preterm labor, 
preterm premature rupture of membranes and chorioamnionitis are all associated with an 
increased risk of white matter damage and adverse neurodevelopmental outcome (7-11).
Postnatal inflammation-initiating illnesses such as bronchopulmonary dysplasia, necrotizing 
enterocolitis, and sepsis are risk factors for white matter damage and adverse 
neurodevelopmental outcome (12). Extremely preterm newborns who had elevated levels of 
biomarkers of systemic inflammation on two occasions one week apart are at higher risk of 
ultrasound indicators of brain damage (13), severely low developmental indices (14) and 
microcephaly at 2 years (15) than newborns with no systemic inflammation.
Although antenatal and postnatal inflammation each alone can contribute to white matter 
damage, we wanted to see if the risk was higher when both inflammatory exposures were 
present. Our aim was to study a two-hit hypothesis for white matter damage, with antenatal 
inflammation being the first hit, and persistent postnatal inflammation the second. The 
ELGAN Study of infants born before the 28th week of gestation collected data that allowed 
us to evaluate if the co-occurrence of prenatal and postnatal indicators of inflammation was 
associated with higher risk of structural and functional indicators of cerebral white matter 
damage.
Methods
The ELGAN study was designed to identify characteristics and exposures that increase the 
risk of structural and functional neurologic disorders in ELGANs (the acronym for 
Extremely Low Gestational Age Newborns, 16). During the years 2002-2004, women 
delivering before 28 weeks gestation at one of 14 participating institutions were asked to 
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enroll in the study. Each institution's review board approved enrollment and consent 
procedures and documents.
The sample for this report consists of the 763 newborns for whom we had information about 
pathology and bacteriology of the placenta, protein concentrations in blood spots obtained 
on at least two of the three protocol days (days 1, 7, and 14), and who had a developmental 
assessment at age 2 years post-term equivalent. Those who had a motor handicap that would 
interfere with assessments of cognition were not included (i.e., inability to walk 
independently, Gross Motor Function Classification System level > 1). The characteristics of 
the patient population can be found in the supplemental Table S1.
Placenta
Delivered placentas were placed in a sterile exam basin and transported to a sampling room, 
where they were biopsied under sterile conditions; 82% were obtained within 1 hour of 
delivery.
In keeping with the guidelines of the 1991 CAP Conference (17), representative sections 
were taken from all abnormal areas as well as routine sections of the umbilical cord and a 
membrane roll, and full thickness sections from the center and a paracentral zone of the 
placental disc. After training to minimize observer variability, study pathologists examined 
the slides for histologic characteristics (18, 19). For summary purposes placental 
inflammation is defined as inflammation of the chorionic plate (grade 3, which is defined as 
neutrophils up to the amnionic epithelium and stage 3, which is defined as >20 neutrophils/
20x) or of the chorion/decidua (grade 3, which required numerous large or confluent foci of 
neutrophils). Placental infection is defined by recovery of organisms regardless of the 
presence or absence of concomitant inflammation.
Blood spot collection
After blood was collected for clinical indications, drops were blotted on filter paper on the 
first postnatal day (range: 1-3 days), the 7th postnatal day (range: 5-8 days), and the 14th 
postnatal day (range: 12-15 days). Dried blood spots were stored at −70°C in sealed bags 
with desiccant until processed. All references to protein concentrations refer to these 3 
samples.
Protein measurement
The Laboratory of Genital Tract Biology of the Department of Obstetrics, Gynecology and 
Reproductive Biology at Brigham and Women's Hospital, Boston measured 29 proteins with 
the Meso Scale Discovery (MSD) electrochemiluminescence system as previously described 
in detail elsewhere (43). Inter-assay variations are invariably less than 20%. Measurements 
of each protein were normalized to mg total protein. Levels of following proteins were 
evaluated in our study: 1) cytokines that initiate multiple inflammatory cascades (Interleukin 
(IL)-1beta, IL-6, and TNF-alpha (tumor necrosis factor-alpha)); 2) a proinflammatory 
chemokine (IL-8 (CXCL8)) and adhesion protein (intercellular adhesion 
molecule-1(ICAM-1) (CD54)) that represent proteins upregulated by multiple inflammatory 
pathways initiated by IL-1beta, TNF-alpha and IL-6 and released in the circulation during 
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inflammation); and 3) liver-produced acute reactive proteins that are upregulated early in the 
inflammatory process and persist during chronic systemic inflammation (CRP (C- reactive 
protein), SAA (serum amyloid A)). We focused on this limited set of inflammation-
associated proteins because they were the most informative in previous analyses of white 
matter damage in the ELGAN sample (13, 14, 15).
In previous analyses in this sample, protein elevations in the top quartile for gestational age 
and postnatal day on two separate days provided considerably more discriminating risk 
information than did elevations on just one day (13, 14, 16). Thus, our indicator of postnatal 
systemic inflammation is a concentration of an inflammation-related protein in the top 
quartile that persisted or recurred, identified here as intermittent or sustained systemic 
inflammation (ISSI).
Imaging/Cranial ultrasonography
Routine ultrasound examinations were performed by sonographers at each hospital using 
high-frequency transducers (7.5 and 10 MHz) between days 1 and 4, days 5 and 14, and 
between day 15 and the 40th week post- menstruation. Several methods were employed to 
minimize observer variability. All ultrasound scans were read by two independent readers 
who did not have access to clinical information. A manual with definitions and instructions 
was distributed (20). Ventriculomegaly and hypoechoic lesion were the two indicators for 
white matter damage defined by cranial ultrasound. Cerebral white matter was divided into 
eight zones in each hemisphere; in each zone, lesions were characterized as hyperechoic 
and/or hypoechoic (i.e., pattern in echoes that is characteristically attributed to a presumed 
pathologic change in tissue density). Ventriculomegaly was defined visually using a template 
included on the data collection form. Additional details about obtaining and reading 
ultrasound scans are described elsewhere (21). Because ventriculomegaly and a hypoechoic 
lesion are better predictors for cerebral palsy and low Bayley scores compared to 
intraventricular hemorrhage (20), we chose ventriculomegaly and a hypoechoic lesion as our 
cranial ultrasound outcomes.
24-month assessment
Fully 91% of surviving children returned for an assessment around 24-months corrected age; 
77% were evaluated between 23.5-27.9 months. Their assessment included measurement of 
head circumference, neurological exam and developmental evaluation. Certified examiners 
administered and scored the Bayley Scales of Infant Development – Second Edition (22). 
We chose as our main outcome a Mental and Psychomotor Development Index (MDI, PDI) 
< 55, which is three standard deviations below the expected mean, and therefore constitutes 
a severe impairment, and because the predictive ability of an MDI < 55 is higher than that of 
a score below 70, which is two standard deviations below the expected mean (14, 23). 
Because some test items require intact motor function when assessing mental development, 
we excluded children who were unable to walk independently (Gross Motor Function 
Classification System level > 1).
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Data analysis
We evaluated the hypothesis that a combination of prenatal and postnatal inflammation 
together would be more strongly associated with white matter damage and 
neurodevelopmental disorders than with either of them alone. We defined the first hit, 
prenatal inflammation/infection as histologic inflammation/recovery of organism in the 
placenta parenchyma. The second hit was postnatal inflammation defined by intermittent or 
recurrent elevations of seven inflammation-related protein concentrations. Logistic 
regression models were created to evaluate associations with indicators for white matter 
damage; multinomial models were developed for evaluation of cerebral palsy subtypes. To 
calculate odds ratios and 95% confidence intervals, we included three ‘dummy variables’ for 
our first hit, second hit and both hits together, as well as variables for gestational age 
categories (23-24, 25-26, and 27 weeks) and sex in our regression analyses. Head 
circumference at birth was also adjusted for the risk assessment of microcephaly. We did 
separate analyses with first hit being placental inflammation or placental infection.
Indicators for white matter damage were ventriculomegaly or hypoechoic lesion on cranial 
ultrasound; neurodevelopmental disorders were cerebral palsy, Bayley scores <55 and 
microcephaly at 2 years corrected age. When the 95% confidence intervals do not include 
1.0, the odds ratios are statistically significant.
Results
Placental inflammation and postnatal systemic inflammation together were associated with a 
higher risk for all structural and clinical indicators of white matter damage except spastic 
hemiparesis (Table 1). Associations with ventriculomegaly, hypoechoic lesion and 
microcephaly were more consistent with the two hit hypothesis. Recovery of organisms from 
the placenta appeared to contribute to the risk of hypoechoic lesion and spastic diparesis. 
Among the cytokines, CRP, TNF-α, IL-8 and ICAM-1 were most frequently observed in the 
associations supporting the two hit hypothesis.
Ventriculomegaly (Figure-1, Supplemental Figure S1)
Placental inflammation in isolation was not associated with increased risk of 
ventriculomegaly. Elevated levels of IL-1β, IL-6, TNF-α, IL-8 on multiple days were 
associated with increased risk of ventriculomegaly. However among babies who had 
elevated levels of these cytokines those who also had placental inflammation were not at 
increased risk. When both placental inflammation and elevated levels of CRP and ICAM-1 
occurred in succession the risk for ventriculomegaly was increased. This was not the case 
when each of these factors were present alone.
Similarly, recovery of an organism from the placenta in isolation was not associated with an 
increased risk for ventriculomegaly. Elevated concentrations of TNF-α, IL-8, ICAM-1 on 
multiple days were associated with ventriculomegaly. When recovery of an organism from 
the placenta was followed by elevated levels of SAA, CRP and IL-1β, there was an 
increased risk for ventriculomegaly even though there was no risk associated with these 
factors alone.
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Hypoechoic lesion (Figure-2, Supplemental Figure S2)
Placental inflammation when followed by recurrent or continued elevated concentrations of 
CRP or ICAM-1 provided more information about the risk for a hypoechoic lesion than any 
of these factors alone.
Recovery of an organism from the placenta was associated with an increased risk of a 
hypoechoic lesion. Intermittent or sustained elevated concentrations of IL-8 only contributed 
risk information about a hypoechoic lesion. When placental infection was followed by 
elevated levels of SAA, CRP, TNF- α, IL-8 and ICAM-1, the risk for hypoechoic lesion was 
increased compared to when these factors occurred alone.
Spastic Diparesis (Supplemental Figure-S3a, S3b)
The risk for spastic diparesis increased when placental inflammation was followed by 
elevated concentrations of TNFα or IL-8. Placental inflammation, especially with recovery 
of an organism was associated with increased risk for diparesis. When followed by elevated 
levels of CRP, IL-6 or ICAM-1, the risk was higher.
Spastic Quadriparesis (Supplemental Figure-S4a, S4b)
The two hit hypothesis was supported when placental infection was followed by recurrent or 
sustained elevation of TNF-α or IL-8.
Spastic Hemiparesis (Supplemental Figure-S5a, S5b)
Elevated levels of IL-6 were associated with an increased risk for hemiparesis. But neither 
placental inflammation nor recovery of an organism from the placenta further increased the 
risk.
Microcephaly (Supplemental Figure- S6a, S6b)
The two hit hypothesis was supported when placental inflammation with or without recovery 
of an organism was followed by elevated levels IL-6, TNF-α or ICAM-1. When elevated 
concentration of IL-8 followed placental infection the risk for microcephaly was increased 
compared to the risk provided by IL-8 alone.
Low MDI (Supplemental Figure-S7a, S7b)
The support for two separate inflammatory insults contributing to the pathogenesis of a very 
low MDI was demonstrated when placental inflammation was followed by intermittent or 
sustained elevated concentrations of SAA, CRP or IL-6.
Low PDI (Supplemental Figure-S8a, S8b)
When placental infection was followed by intermittent or sustained elevation of TNF-α or 
ICAM-1, the risk of a low PDI score was increased. These factors alone did not have any 
risk contribution.
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Discussion
We found considerable support for the hypothesis that two inflammatory stimuli result in an 
appreciably greater risk of white matter damage, in particular for the three structural entities 
of ventriculomegaly, hypoechoic lesion, and microcephaly. While ventriculomegaly reflects 
a diffuse loss of white matter, hypoechoic lesion reflects focal damage. We observed similar 
cytokine patterns for ventriculomegaly and hypoechoic lesion, suggesting similar causal 
pathways. Microcephaly at age two years can be a consequence of each of these early brain 
abnormalities (24).
Animal models (25-32) support a multi-hit hypothesis for white matter damage. Most of 
these studies involved hypoxia-ischemia and inflammatory stimuli as exposures. A two-hit 
model for brain damage in human newborns showed that fetal growth restriction followed by 
postnatal systemic inflammation was associated with an increased risk of very low Bayley 
Mental Development Index (33). The risk of ventriculomegaly is increased when acute 
placental inflammation is superimposed on chronic placental inflammation, and when acute 
placental inflammation is followed by postnatal inflammation-initiating illnesses (34). 
Moreover, the risk of MRI-defined progressive white matter damage is increased when the 
preterm newborn has experienced multiple postnatal inflammatory disorders (35).
To study the two-hit model, we chose prenatal inflammation and postnatal systemic 
inflammation as our two hits. These two hits are separate chronologically. We also consider 
them separate based on findings that show more prominent inflammatory response 
documented on blood collected on postnatal days 7 and 14. This would be beyond the period 
that the direct effects of placental inflammation would be seen assuming the short half-life 
of the inflammatory proteins (14, 36, 37, 38). However, there is an association between the 
histologic inflammation of placenta and postnatal inflammation (39). They may represent 
two different time points of one long sustained inflammation or exposure to inflammation 
before birth may leave the infant more susceptible to postnatal insults and predispose to 
systemic inflammation.
Inflammation
Intermittent or sustained systemic inflammation of the preterm newborn is characterized by 
elevated concentrations of pro-inflammatory cytokines in the systemic circulation at 
multiple time points (6). It is not known whether elevated concentrations of these cytokines 
are in response to multiple stimuli or to one initial stimulus and diminished resolution of the 
response.
Preterm infants are exposed to multiple postnatal insults that are associated with systemic 
inflammation, such as mechanical ventilation, bacteremia and intestinal disease (40, 41), 
which might be in the causal chain between perinatal systemic inflammation and limitations 
identified at age 2 years. Consequently, we have not adjusted for these possible intervening 
variables. Previous results from this study sample demonstrated different protein profiles 
between infants born to mothers with histologic findings of inflammation in their placenta 
and infants born for maternal or fetal indications such as preeclampsia and growth restriction 
(39). Therefore, the neonatal inflammatory response might be a continuation of fetal 
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inflammatory response. Bacterial colonization of the very preterm placenta has been shown 
to be associated with distinct microorganism-specific inflammatory protein profiles in the 
newborn blood specimens (42). This also suggests that postnatal inflammation might have 
been triggered by events that started before birth.
Sensitization
The two-hit hypothesis may be considered an example of the first hit functioning as a 
sensitizer for the second hit. Placental inflammation might sensitize the newborn to respond 
more vigorously, and for a longer period of time, to a stimulus that would not otherwise have 
evoked such an intense response. Similarly, at the level of the brain, a sub-threshold first 
(prenatal) stimulus may sensitize the brain tissue so that a second (postnatal) stimulus 
produces an increased response or damage compared to the response that would have 
occurred without the sensitizer (26-28, 31).
Strengths and limitations
Our study has several strengths. First, we included a large number of infants, making it 
unlikely that we have missed important associations due to lack of statistical power. Second, 
we selected infants based on gestational age, not birth weight, in order to minimize 
confounding due to factors related to fetal growth restriction (43). Third, we collected all of 
our data prospectively. Fourth, attrition in the first two years was modest. Fifth, our protein 
data are of high quality (13, 14, 16), and have high content validity (38, 39, 42-44).
The limitations of our study are those of all observational studies. We are unable to 
distinguish between causation and association as explanations for what we found. Also, we 
evaluated the two-hit hypothesis and not the multi-hit hypothesis, which might be applicable 
if three or more hits are needed to appreciably increase the risk of any outcome of interest.
Conclusion
Our observation supports the hypothesis that placental inflammation followed by postnatal 
systemic inflammation, predisposes to indicators of white matter damage on cranial 
ultrasound, cerebral palsy, low developmental indices and microcephaly. This finding points 
to the complexity of the mechanisms leading to white matter damage, and of the importance 
of models to predict this outcome and its consequences. Because intermittent or sustained 
systemic inflammation observed in extremely preterm newborn is a complex phenomenon 
that includes many proteins from multiple functional categories affecting multiple systems, 
we are reluctant to see the proteins we measured as anything more than indicators of a very 
broad set of interlinking processes. We believe that the individual cytokines are just 
messengers of this inflammation rather than targets in the pathogenesis of brain damage. We 
encourage further studies of the neonatal immune system. Identifying modulators of fetal 
and/or neonatal inflammation is crucial for the development of preventive and therapeutic 
interventions to reduce the preterm newborn's risk of white matter damage and adverse 
neurodevelopmental outcome.
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Figure 1. 
This figure shows the odds ratio point estimates (circles) and confidence intervals (length of 
the horizontal lines) for ventriculomegaly. First column shows the risk for ventriculomegaly 
when there is only the first hit. Placenta infection is defined by the recovery of an organism 
from a biopsy of the placenta. The second column shows the risk for ventriculomegaly when 
there is only the second hit. The second hit, intermittent or sustained systemic inflammation 
is defined by the levels of the cytokines seen on the left, in the top quartile for gestational 
and postnatal age. The third column shows the risk for ventriculomegaly when first hit is 
followed by the second hit. OR and 95% CI for both hits are: CRP 3.0 (1.5, 6.1), IL-1β 2.8 
(1.3, 5.8), IL-6 2.6(1.2, 5.4), IL-8 6.3 (3.0, 13), ICAM-1 3.1 (1.5, 6.5).
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Figure 2. 
This figure shows the odds ratio point estimates (circles) and confidence intervals (length of 
the horizontal lines) for hypoechoic lesion on cranial ultrasound. First column shows the risk 
for hypoechoic lesion when there is only the first hit, the recovery of an organism from the 
placenta. The second column shows the risk for hypoechoic lesion when there is only the 
second hit. The second hit is defined by the levels of the cytokines seen on the left, in the top 
quartile for gestational and postnatal age. The third column shows the risk for hypoechoic 
lesion when first hit is followed by the second hit. OR and 95% CI for both hits are as 
follows: SAA 2.7 (1.1, 6.7), CRP 3.2 (1.3, 7.6), TNF-α 3.0 (1.3, 8.1), IL-8 7.0 (2.7, 18), 
ICAM-1 3.5 (1.5, 8.4).
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